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(54) Triode structure field emission device 

(57) A triode field emission device using a field emis- 
sion material (15) and a driving method thereof are pro- 
vided. In this device, gate electrodes (13) serving to take 
electrons out of a field emission material (15) on cath- 



odes (12) are installed on a substrate (11) below the 
cathode (12). so that the manufacture of the device is 
easy. Also, electrons emitted from the field emission ma- 
terial (15) are controlled by controlling gate voltage. 
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Description 

[0001] The present invention relates to a triode struc- 
ture field emission device using carbon nanotubes that 
is a tow voltage field emission material and a driving s 
method thereof. 

[0002] FIG. 1 is a cross-sectional view schematically 
illustrating the structure of a conventional triode field 
emission device using a field emission material. As 
shown in FIG. 1, the conventional triode field emission io 
device includes a rear substrate 1 and a front substrate 
1 0 which face each other having an interval of the length 
of a spacer 6. Cathodes 2 on each of which a field emis- 
sion material 5 is formed, gates 3 and anodes 4 are in- 
cluded as electron emission sources between the two is 
substrates. The cathodes 2 are disposed on the rear 
substrate 1 in parallel strips, and the anodes 4 are dis- 
posed on the front substrate 10 in parallel strips to cross 
with the cathodes 2. The gates 3 are disposed in parallel 
strips to cross with the cathodes 2 so that they are ar- 20 
ranged straightly over the anodes 4. A field emission 
material 5 and an aperture 3a are formed at places 
where the cathodes 2 cross with the gates 3. That is, 
the electron emission materials 5 are coated on the in- 
tersections on the cathodes 2, and apertures 3a are 25 
formed at the intersections on the gates 3. that is. at the 
positions on the gates 3 which correspond to the field 
emission materials, such that electrons emitted from the 
field emission materials 5 flow into the anodes 4. 
[0003] As described above, field emission devices 30 
have a diode structure made up of cathodes and an- 
odes, or a triode structure in which gates are interposed 
between cathodes and anodes, such that the amount of 
electron emitted from the cathodes is controlled. Struc- 
tures in which carbon nanotubes rather than existing 35 
metal tips are applied as electron emission sources 
formed on cathodes have been recently attempted due 
to the advent of carbon nanotubes, which serve as a 
new field emission material. Carbon nanotubes have a 
large aspect ratio (which is greater than 1 GO), electrical ^0 
characteristics having conductivity such as conductors, 
and stable mechanical characteristics, so that they are 
receiving much attention of research institutions to em- 
ploy them as the electron emission sources for field 
emission devices. Diode structure field emission devic- ^5 
es using carbon nanotubes can be manufactured by a 
typical method. However, diode structure field emission 
devices have a trouble in controlling emitted cun"ent, in 
spite of the easiness of the manufacture, so that it is 
difficult to realize moving pictures or gray-scale images. ^ 
Triode structure field emission devices using carl>on na- 
notubes can be manufactured in consideration of instal- 
lation of gate electrodes right on cathodes and installa- 
tion of a grid-shaped metal sheet. The former field emis- 
sion devices has difficulty in coupling carbon nanotubes 55 
to cathodes because of the arrangement of gates. The 
latter field emission devices have problems in that the 
manufacture is complicated, and control voltage in- 



creases. 

[0004] In the present invention, a triode field emission 
device is used in which location of gat electrodes under 
cathodes facilitates the control of emitted current, and 
it is easy to coat the cathodes with a field emission ma- 
terial. The pr sent invention also relates to a driving 
method thereof. 

[0005] According to one aspect of the present inven- 
tion, there is provided a triode field emission device in- 
cluding: a rear substrate and a front substrate which 
face each other at a predetermined gap; spacers for 
vacuum sealing the space formed by the two substrates 
while maintaining the gap between the two substrates; 
cathodes and anodes arranged in strips on the facing 
surfaces of the two substrates so that the cathodes 
cross with the anodes; electron emission sources 
formed on the portions of the cathodes at the intersec- 
tions of the cathodes and the anodes; and gates for con- 
trolling electrons emitted from the electron emission 
sources, wherein the gates are arranged on the rear 
substrate under the cathodes, and an insulative layer 
for electrical insulation is formed between the gates and 
the cathodes. 

[0006] Preferably, the gates are formed tike a full sur- 
face or disposed as parallel strips on the rear substrate 
to cross with the cathodes so that the gates are located 
straightly over the anodes. 

[0007] It is preferable that the electron emission 
sources are formed on the cathodes at the intersections 
of the cathodes and anodes, of at least one material se- 
lected from the group consisting of a metal, diamond 
and graphite, or a mixture of the selected material with 
a conductive material, a dielectric material or an insula- 
tive material. 

[0008] Preferably, the electron emission sources are 
formed straight on the entire surface or one edge of 
cathodes at the intersections of the cathodes and gates, 
and the electron emission sources are formed around 
at least one hole pierced in the cathodes at the intersec- 
tions of the cathodes and gates. 
[0009] In the present invention, the electron emission 
sources are fonned by a steps from one or more of a 
printing method, an electrophoretic method and a vapor 
deposition method. It is also preferable that, when three 
or more holes are formed, a middle hole is formed to a 
dominant size, and a field emission material is formed 
around the outer circumference of each of the holes, so 
that the uniformity of emission current within a pixel is 
increased. 

[0010] According to another aspect of the present In- 
vention, there is provided a method of driving a triode 
field emission device including: a rear substrate and a 
front substrate which face each other at a predeter- 
mined gap; spacers for vacuum sealing the space 
formed by the two substrates while maintaining the gap 
between the two substrates; cathodes and anodes ar- 
ranged in strips on the facing surfaces of the two sub- 
strates so that the cathodes cross with the an des; elec- 
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tron emission sources fonrted on the portions of the 
cathodes at the intersections of the cathodes and the 
anodes; and gates for controlling electrons emitted from 
the electron emission sources, wherein the gates are 
arranged on the rear substrate under the cathodes to 5 
cross >vith the cathodes so that the gates are located 
straightly over the anodes, and an insulative layer for 
electrical insulation is fomied between the gates and the 
cathodes, the method including controlling current flow- 
ing between the cathodes and the anodes by controlling io 
the gate voltage. 

(0011) Preferably, the electron emission sources are 
formed of at least one material selected from the group 
consisting of carbon nanotube. a metal, diamond and 
graphite, on the cathodes at the intersections of the 15 
cathodes and gates. Alternatively, the electron emission 
sources are formed of a mixture of a conductive mate- 
rial, a dielectric material or an insulative material with at 
least one material selected from the group consisting of 
carbon nanotube. a metal, diamond and graphite, on the 20 
cathodes at the intersections of the cathodes and the 
gates. 

[00121 It is preferable that the electron emission 
sources are formed straight on the entire surface or one 
edge of cathodes at the intersections of the cathodes 25 
and gates, 

(001 3J Alternatively^ it is preferable that the electron 
emission sources are formed around at least one hole 
pierced In the cathodes at the intersections of the cath- 
odes and anodes. 30 
[0014] Examples of the present invention will now be 
described in detail, with reference to the accompanying 
drawings in which: 

FIG. 1 is a vertical cross-sectional view schemati- 35 
cally illustrating the structure of a triode field emis- 
sion device using a conventional field emission ma- 
terial; 

FIG, 2 is a vertical cross-sectional view schemati- 
cally illustrating the structure of a triode field emis- 4o 
sion device using a field emission material accord- 
ing to the present invention; 
FIG. 3 is a view illustrating an embodiment of the 
triode field emission device using a field emission 
material of FIG, 2. in which the field emission ma- 45 
terial is formed on the edge of cathodes at the in- 
tersections of the cathodes and gates; 
FIGS. 4A through 4D are views illustrating embod- 
iments of the triode field emission device using a 
field emission material of FIG. 2. in which the field so 
emission material is formed around at least one 
hole pierced on the edge of cathodes at the inter- 
sections of the cathodes and gates; 
FIGS. 5A and 5B are curves illustrating an equipo- 
tential line distribution and a field distribution with 55 
respect to a gate voltage in the field emission device 
of FIG. 2 in which the gap between cathodes is 60 
Jim. an anode voltage is SOOV, the gap between a 



cathode and an anode is 200 jim, and the gaps (h) 
between cathodes and gates are identical; 
FIGS. 6A and 6B are graphs showing variations in 
edge field strength and deviation, respectively, with 
respect to voltages applied to gates in the field 
emission device of FIG. 2 in three cases of the gap 
(h) between a cathode and a gate being S^tm, lO^im 
and 1 5|im with the gap between cathodes of 60 jim , 
an anode voltage SOOV. and the gap between a 
cathode and an anode of 200 jim; 
FIGS. 7 through 9 show the electrical characteris- 
tics with respect to variations in gate voltage when 
an anode voltage is 400V. in an embodiment of the 
' field emission device of FIG. 2 manufactured so that 
the gap between a cathode and an anode is 1 . 1 mm, 
wherein FIGS. 7 and 8 are graphs showing the an- 
ode current and the Fowler-Nordheim plot value, re- 
spectively, with respect to variations in gate voltage, 
and FIG. 9 is a picture of the brightness of the above 
actually-manufactured field emission device when 
half of a substrate is gated on while the remaining 
half is gated off; 

FIGS. 1 0A through 11 B are graphs and pictures with 
respect to a field emission device in which the gap 
between a cathode and an anode is 200jim. and 
cathodes are coated with a paste obtained by mix- 
ing Ag and carlx>n nanotubes; 
FIG. 12 is a picture with respect to a triode field 
emission device- in which the gap between a cath- 
ode and an anode is 1, 1mm. and cathodes are 
coated with a paste obtained by mixing glass and 
carbon nanotubes; and, 

FIGS. 13A and 13B are pictures of the brightness 
of a triode field emission device in two cases, that 
is. when insulative layers between gates and cath- 
odes are formed in strips along the cathodes, and 
when the insulative layer is formed in the form of a 
plane, respectively. 

[0015] FIG. 2 Is a cross-sectional view schematically 
illustrating the structure of a triode field emission device 
using carbon nanotubes according to the present inven- 
tion. As shown in FIG. 2. the triode field emission device 
according to the present invention includes a rear sub- 
strate 11 and a fi-ont substrate 20 which face each other 
at the interval con-esponding to the length of a spacer 
16. Anodes 4 and cathodes 12 on each of which an elec- 
tron emission source 15 made of carbon nanotube, met- 
al, diamond or graphite is partially formed, and anodes 
14, are fomned as electron emission sources between 
the two substrates. Gales 1 3 are fonmed below an insu- 
lative layer 17 fonmed below the cathodes 12. The gates 
1 3 are formed like a full surface on the rear substrate 1 1 
or disposed in parallel strips thereon. The insulativ lay- 
er 17 is fonmed on the rear substrate 11 on which the 
gates 13 are fonmed. Wh n the gates 1 3 are fonmed in 
strips not like a full surface, the cathodes 12 are dis- 
posed in parallel strips in the direction of crossing with 
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the gates 13. The anodes 14 are disposed in parallel 
strips on the cathode-facing surface of the front sub- 
strate 20 so that they cross with the anodes 12, that is. 
so that they are arranged in parallel with th gates 13 
straightly over the gates 13. Electron emission sources 
15 made of carbon nanotube, metal, diamond or graph- 
ite are fomned on the cathodes 12 at the intersections 
of the cathodes 12 and the gates 13. 
[0016] The electron emission sources 15 can be lo- 
cally formed on the edge of the cathodes 12 at the in- 
tersections with the gates 13 (or anodes), as shown in 
FIG. 3. or formed on the entire surface of the cathodes 
12. Alternatively, as shown in FIGS. 4A through 4D. the 
electron emission sources 15 can be locally formed 
around at least one hole pierced in the cathodes 12 at 
the intersections with the gates 13 (or anodes). As de- 
scribed above, the electron emission sources 15 can be 
formed at any positions on the cathodes at the intersec- 
tions with the gates. However, the formation of the elec- 
tron emission sources 15 on the edge of the cathodes 
has an advantage in that the strongest field is experi- 
mentally formed at the edge thereof. The electron emis- 
sion sources 15 formed on the cathodes 12 can have 
any width compared to the line width of the cathodes 1 2. 
[0017] FIG, 3 illustrates the case where a field emis- 
sion material 1 5 is iineariy coated on one edge of a cath- 
ode 12 at the intersection with a gate 13. FIGS. 4A 
through 4D illustrate the four cases where one, two, 
three and four holes are pierced in a cathode 12 at the. 
intersection with a gate 13. respectively, >A^erein an 
electron emission source 15 is circulariy formed around 
each of the holes. Here, the electron emission source 
1 5 can also be fomned in different shapes. In particular, 
when three or more holes are formed, a hole to be po- 
sitioned in the middle is formed to a dominant size, and, 
preferably, a field emission material is formed around 
the outer circumference of each of the holes, so that the 
uniformity of emission current within a pixel is increased. 
The number of circular or different-shaped field emis- 
sion material figures is controlled to obtain the maximum 
unifomi electron emission effect at the minimum power, 
according to all of the conditions such as the standards 
such as the gap between cathodes, the gap between a 
cathode and a gate, and the gap between a cathode and 
an anode, the material of an insulative layer, and a volt- 
age applied to each electrode. 
[0018] The insulative layer 17, which insulates the 
gate electrode 13 from the cathode 12. can be formed 
in a plane or in lines along the lines of the cathodes 12. 
Here, when the insulative layer 17 is Iineariy formed, the 
line width of the insulative layer 17 can be equal to or 
larger than that of the cathode 12, 
[0019] As described above, in the field emission de- 
vice according to the present invention having a triode 
structure by which emitted current is easily controlled, 
gate electrodes are placed under cathod s in order to 
easily fomn electron emission materials serving as elec- 
tron emission sources on th cathodes. Also, emitted 



current can be controlled with low voltage by field emis- 
sion at the edge of cathodes, and the uniformity of emit- 
ted cun-ent can t>e improved by the formation of various 
pattems. 

5 [0020] Furthermore, the gate electrodes ar formed 
below an insulative layer formed below the cathodes, so 
that if an appropriate amount of voltage is applied to the 
gate electrodes, an electrical field caused by the gate 
voltage transmits the insulative layer, and thus a strong 

"10 electrical field is formed in electron emission sources. 
Thus, electrons are emitted by the field emission. The 
emitted electrons are moved toward anodes by an ad- 
ditional electrical field fonmed by an anode voltage, and 
serve as their functions. Curves representing an equi- 
ps potential line distribution and a field distribution (an elec- 
tron emission path) with respect to a gate voltage are 
shown FIGS. 5A and 5B. The curves are the results ob- 
tained by simulating the case that the gap between cath- 
odes is 60 urn, an anode voltage is 500V, the gap be- 

20 tween a cathode and an anode is 200 jim, and the gaps 
(h) between cathodes and gates are identical. Here, 
FIG. 5A refers to the case when OV is applied to gates, 
and FIG. 5B refers to the case when 80V is applied to 
the gates. Refemng to the equipotential line distribution, 

25 when the gate voltage is high, that is. when 80V is ap- 
plied to the gates, the gap between equipotential lines 
is more narrow near cathodes than at the other portions, 
which means that the field strength around the cathodes 
is higher than that in the other portions. This infers that 

30 a greater number of electrons are emitted near the cath- 
odes than at the other portions, as can be seen from the 
simulation results shown in FIGS. 6A and 6B. 
[0021] FIGS. 6A and 68 are graphs showing varia- 
tions in edge field strength and horizontal deviation of 

35 emitted electrons from emission points, respectively, 
with respect to voltages applied to gates, in three cases 
of the gap (h) between a cathode and a gate being 5fim. 
W\i m and 15|im with the gap between cathodes of 60 
^m. an anode voltage 500V. and the gap between a 

^0 cathode and an anode of 200 ^m as described above. 
As shown in FIG. 6A, the edge field strength increases 
as the gate voltage increases. FIG. 68 is a graph show- 
ing a deviation of electrons emitted from the edge of 
cathodes, with variations in gate voltage, the deviation 

"fs measured from a position over anodes. 

<Fir5t embodiment> 

[0022] FIGS. 7 through 9 show the electrical charac- 
50 teristics with respect to variations in gate voltage when 
an anode voltage is 400V, in a field emission device ac- 
cording to the present invention manufactured so that 
the gap between a cathode and an anod is 1. 1mm. 
Here, FIGS. 7 and 8 are graphs showing the anode cur- 
55 rent and the Fowler-Nordheim plot value, respectively, 
with respect to variations in gate voltage, and FIG. 9 is 
a picture of the brightness of the above actually-manu- 
factured field emission device when half of a substrate 
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is gated on while the remaining half is gated off. in FIG. 

7, RHS denotes the right hand side, and LHS denotes 
the left hand side. FIG. 7 refers to the case when only 
the right half of a substrate is gated on and the case 
when only the left half of a substrate is gated on. In FIG. 

8, which shows the Fowler-Noriieim plot of FIG. 7, 
measured current is interpreted as current generated by 
field emission if data points exist on a line. 

<Second €mbodiment> 

[0023] FIGS. 10A through 11B are graphs and pic- 
tures with respect to a field emission device according 
to the present invention manufactured so that the gap 
between a cathode and an anode is 200fim, in which a 
paste obtained by mixing Ag and carbon nanotubes is 
printed on cathodes to serve as electron emission 
sources. Here, FIG. 10A shows the intensity of anode 
cun-ent with variations in gate voltage, and FIG. 10B is 
a graph showing the Fowler-Norheim plot of FIG. 7. FIG. 
11A is a picture of the brightness of a diode field emis- 
sion device when an anode voltage is 500V, and FIG. 
11 B is a picture of the brightness of a triode field emis- 
sion device at a gate voltage of 120V. when anodes are 
biased by 250V. 

<Third embodiment> 

[0024] FIG. 1 2 Is a picture with respect to a triode field 
emission device according to the present invention 
manufactured so that the gap between a cathode and 
an anode is 1 . Imm, in which a paste obtained by mixing 
glass and carbon nanotubes is printed on the cathodes 
to serve as electron emission sources. Here, an anode 
voltage is DC 700V. and a gate voltage is AC 300V 
(130Hz, 1/100 duty). FIG. 12 refers to the case when 
only the left half of a substrate is gated on. 

<Fourth embodiment> 

tO025J FIGS. 1 3A and 1 3B are pictures of the bright- 
ness of a triode field emission device in two cases, that 
is, when insulative layers between gates and cathodes 
are fomried in strips along the cathodes, and when the 
insulative layer is formed in a plane, respectively. In the 
two cases, an anode voltage is DC 500V. As shown in 
FIG. 1 3A, in the case when the insulative layer is lineariy 
fomied. the unifomnity of field emission is improved, and 
an operation voltage (which is 160V in the case of linear 
formation of the Insulative layer, or 240V in the case of 
blanket formation of the insulative layer) increases. 
[0026] In the manufacture of this field emission de- 
vice, first, gate electrode lines in strips are form d on a 
substrate, and then an insulating material having a con- 
stant thickness (about several to several tens of m) is 
entirely or locally coated on the gate electrode lin s. 
Next, cathode lines are formed on the insulative layer to 
cross with the gate electrodes. Then, cart)on nanotubes 



are coupled to the edge of ach of the cathodes at the 
dot area where the gate lectrodes are overiapped by 
the cathodes, by a printing method, an el ctrophoretrc 
method or a vapor deposition method. Alternatively, car- 
5 bon nanotubes are formed around holes pierced in the 
dot area where th gate electrodes are overiapped by 
the cathodes. Thereafter, anodes and the resultant sub- 
strate are vacuum sealed using spacers by a typical 
method. 

10 [0027] As described above, in a triode field emission 
device using cart)on nanotubes according to the present 
invention, gate electrodes serving to take electrons out 
of carbon nanotubes on cathodes are Installed below 
the cathodes on a substrate, so that the manufacture of 

15 the devices is easy. However, in all existing triode elec- 
tron emission devices, gate electrodes are interposed 
between cathodes and anodes. In the present invention, 
the gate electrodes are formed below an insulative layer 
formed below the cathodes, so that, if an appropriate 

20- amount of voltage is applied to the gate electrodes, an 
electrical field caused by the gate voltage transmits the 
insulative layer, and thus a strong electrical field is 
formed in cari^on nanotubes. Thus, the carbon nano- 
tubes can control the emission of electrons due to the 

25 field emission. The emitted electrons are moved toward 
anodes by an additional electrical field formed by an an- 
ode voltage, and serve as their functions. Field emission 
devices having such a structure can be simply manu- 
factured by present techniques, and driven at low volt- 

30 age and enlarged because of the use of carbon nano- 
tubes as electron emission sources. Therefore, these 
field emission devices receive much attention for their 
potential to serve as next-generation flat display devic- 
es. 

35 

Claims 

1, A triode field emission device comprising: 

40 

a rear substrate and a front substrate which 

face each other at a predetermined gap; 

spacers for vacuum sealing the space formed 

by the two substrates while maintaining the gap 
^5 between the two substrates; 

cathodes and anodes arranged in strips on the 

facing surfaces of the two substrates so that the 

cathodes cross with the anodes; 

electron emission sources formed on the por- 
50 tions of the cathodes at the intersections of the 

cathodes and the anodes; and 

gates for controlling electrons emitted from the 

electron emission sources. 

wherein the gates are arranged on the rear sub- 
55 strata under the cathodes, and an insulative 

layer for electrical insulation is formed between 

the gates and the cathodes. 
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2. A triode field emission device acxxjrding to claim 1 , 
wh rein the gates are an-anged in strips on the rear 
substrate to cross with the cathodes so that the 
gates are located straightly over the anodes. 

5 

3. A triode field emission device accoridng to claim 1 
or 2. wherein the electron emission sources are 
formed of at least one material selected from the 
group consisting of a metal, diamond and graphite. 

on the cathodes at the intersections of the cathodes io 
and anodes. 

4. A triode field emission device according to claim 1 , 
2 or 3, wherein the electron emission sources are 
fomned of a mixture of a conductive material, a die- is 
lectric material or an insulatlve material, and at least 
one material selected from the group consisting of 
carbon nanotube, a metal, diamond and graphite. 

on the cathodes at the intersections of the cathodes 
and the gates. 20 

5. A triode field emission device according to claim 3, 
wherein the electron emission sources are formed 
straight on the entire surface or one edge of cath- 
odes at the intersections of the caUiodes and gates. 25 

6. A triode field emission device according to claim 3, 
wherein the electron emission sources are formed 
around at least one hole pierced In the cathodes at 
the intersections of the cathodes and gates. 30 

7. A triode field emission device according to claim 3. 
wherein the electron emission sources are formed 
by a method among a printing method, an electro- 
phoretic method and a vapor deposition method. 35 

8. A triode field emission device according to claim 6, 
wherein, when three or more holes are formed, a 
middle hole is formed as large as possible, and a 
field emission material is formed around the outer 40 
circumference of each of the holes, so that the uni- 
formity of emission current within a pixel is in- 
creased. 

9. A triode field emission device according to any pre- 45 
ceding claim, wherein the insulatlve layer is formed 

In a blanket or lineariy formed along the lines of the 
cathodes. 

10. A method of driving a triode field emission device so 
including a rear substrate and a front substrate 
which face each other at a predetermined gap. 
spacers for vacuum sealing the space formed by 
the two substrates while maintaining the gap be- 
tween the two substrates, cathodes and anodes ar- 55 
ranged in strips on the facing surfaces of the two 
substrates so that the cathodes cross with th an- 
odes, electron emission sources formed on the por- 



tions of the cathod s at the intersections of the cath- 
odes and the anodes, to serve as electron mission 
sourc s and gates for controlling el ctrons emitted 
from the electron emission sources, wherein the 
gates are an-ang d on the rear substrate under the 
cathodes to cross with the cathodes so that the 
gates are located straightly over the anodes, and 
an insulatlve layer for electrical insulation is fonned 
between the gates and the cathodes, the method 
comprising the step of controlling current flowing 
between the cathodes and the anodes by control- 
ling the gate voltage. 

11. A method according to claim 10. wherein the elec- 
tron emission sources are formed of at least one 
material selected from the group consisting of car- 
bon nanotube, a metal, diamond and graphrte, on 
the cathodes at the Intersections of the cathodes 
and gates. 

12. A method accoridng to claim 10. wherein the elec- 
tron emission sources are formed of a mixture of a 
conductive material, a dielectric material or an in- 
sulatlve material, and at least one material selected 
from the group consisting of cartoon nanotube. a 
metal, diamond and graphite, on the cathodes at the 
intersections of the cathodes and the gates. 

13. A method according to claim 10, wherein the insu- 
latlve layer is formed in a blanket or lineariy fomied 
along the lines of the cathodes. 

14. A method according to claim 11, wherein the elec- 
tron emission sources are formed straight on the 
entire surface or one edge of cathodes at the inter- 
sections of the cathodes and gates. 

15. A metfiod according to claim 11. wherein the elec- 
tron emission sources are formed around at least 
one hole pierced in the cathodes at the intersections 
of the cathodes and anodes. 
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